The recent measurement of RK * is yet another hint of new physics (NP), and supports the idea that it is present in b → sµ + µ − decays. We perform a combined model-independent and modeldependent analysis in order to deduce properties of this NP. Like others, we find that the NP must obey one of two scenarios:
I. INTRODUCTION
The LHCb Collaboration recently announced that it had measured the ratio R 
In the SM calculation of R K * [2], the effect of the mass difference between muons and electrons is non-negligible only at very small q 2 . As a consequence, the SM predicts R 1 elsewhere. The measurements then differ from the SM prediction by 2.2-2.4σ (low q 2 ) or 2.4-2.5σ (medium q 2 ), and are thus hints of lepton flavor non-universality. These results are similar to that of the LHCb measurement of 
which differs from the SM prediction of R SM K = 1 ± 0.01 [5] by 2.6σ. If new physics (NP) is indeed present, it can be in b → sµ + µ − and/or b → se + e − transitions. In the case of R K , the measurement of B(B + → K + e + e − ) was found to be consistent with the prediction of the SM, suggesting that the NP is more likely to be in b → sµ + µ − . However, for R K * , based on the information given in Ref.
[1], a similar conclusion cannot be drawn. In any case, it must be stressed that there are important theoretical uncertainties in the SM predictions for B(B → K ( * ) + − ) ( = e, µ) [6] , so it is difficult to identify experimentally whether b → sµ + µ − or b → se + e − has been affected by NP. On the other hand, the theoretical uncertainties essentially cancel in both R K * and R K , making them very clean probes of NP.
There are several other measurements of B decays that are in disagreement with the predictions of the SM, and these involve only b → sµ + µ − transitions: . They find a 3.5σ disagreement with the predictions of the SM, which are based on lattice QCD [15, 16] and QCD sum rules [17] .
We therefore see that the decay b → sµ + µ − is involved in a number of measurements that are in disagreement with the SM. This raises the question: assuming that NP is indeed present in b → sµ + µ − , what do the above measurements tell us about it?
Following the announcement of the R K * result, a number of papers appeared that addressed this question [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The general consensus is that there is a significant disagreement with the SM, possibly as large as ∼ 6σ, even taking into account the theoretical hadronic uncertainties [28] [29] [30] . These papers generally use a model-independent analysis: b → sµ + µ − transitions are defined via the effective Hamiltonian
where the V ij are elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The primed operators are obtained by replacing L with R. If present in b → sµ + µ − , NP will contribute to one or more of these operators. The Wilson coefficients (WCs) C ( ) a therefore include both SM and NP contributions. The explanation of Ref. [18] for this discrepancy is that the NP in b → sµ + µ − satisfies one of three scenarios:
In the past, numerous models have been proposed that generate the correct NP contribution to b → sµ + µ − at tree level. A few of them use scenario (I) above, though most use scenario (II). These models can be separated into two categories 2 : those containing leptoquarks (LQs) [35] [36] [37] [38] [39] [40] [41] [42] [43] , and those with a Z boson [35, . We therefore see that there is a wide range of information regarding the NP in b → sµ + µ − , and it is not clear how it is all related. In Ref. [71] , it was argued that one has to use model-independent results carefully, because they may not apply to all models. To be specific, a particular model may have additional theoretical or experimental constraints. When these are taken into account, the results of the model-independent and model-dependent fits may be significantly different. With this in mind, the purpose of this paper is to combine the model-independent and model-dependent analyses, including all the latest measurements, to arrive at a simple and coherent description of the NP that can explain the data through its contributions to b → sµ + µ − . We will show the following:
• Model independent: the NP in b → sµ + µ − follows scenario (I) or (II) of Eq. (4).
1 In Refs. [31, 32] , it was shown that, when all constraints are taken into account, S, P and T operators do not significantly affect B → K * µ + µ − (and, by extension, B 0 s → φµ + µ − ) decays. For this reason only V and A operators are included in Eq. (3). In Ref. [33] , T operators for both b → sµ + µ − and b → se + e − are considered as a possible explanation of the R K * anomaly at low q 2 . 2 New physics from four-quark operators can also generate corrections to C 9 [34] , but they do not lead to lepton universality violation and so we not consider them here.
• Model dependent: the simplest NP models are those that involve the tree-level exchange of a LQ or a Z . Scenario (II) can arise in LQ or Z models, but scenario (I) is only possible with a Z .
• Scenario (III) of Eq. (4) can explain the b → sµ + µ − data, but it predicts R K = 1, in disagreement with measurement. Furthermore, since it requires an axial-vector coupling of the Z , it can only arise in contrived Z models. For these reasons, we exclude it as a possible explanation.
• In Z models (i.e., in scenario (I)), there are additional constraints from B 0 s -B 0 s mixing and neutrino trident production [72] . A good fit is found only when theμµZ coupling is reasonably (but not too) large. It may have an observable effect in a future experiment on neutrino trident production.
• The LQ must be heavy [O(TeV)], but the Z can be heavy or light. For example, we find that the B-decay anomalies can be explained in Z models with M Z = 10 GeV or 200 MeV.
We begin in Sec. 2 with a description of our method for fitting the data, including all the latest measurements. The b → sµ + µ − data used in the fits are given in the Appendix. In Sec. 3 we perform our model-independent analysis. We turn to the model-dependent analysis in Sec. 4, separately examining the LQ and Z models, and making the connection with the model-independent results. We conclude in Sec. 5.
II. FIT
In the following sections, we perform model-independent and model-dependent analyses of the data. In both cases, we assume that the NP affects the WCs C i according to one of three scenarios, given in Eq. (4). For each scenario, all observables are written as functions of the WCs, which contain both SM and NP contributions and are taken to be real 3 . Given values of the WCs, we use flavio [3] to calculate the observables O th (C i ). Using these, we can compute the χ 2 :
where O exp are the experimental measurements of the observables. All available theoretical and experimental correlations are included in our fit. The total covariance matrix C is the sum of the individual theoretical and experimental covariance matrices, respectively C th and C exp . To obtain C th , we randomly generate all input parameters and then calculate the observables for these sets of inputs [3] . The uncertainty is then defined by the standard deviation of the resulting spread in the observable values. In this way the correlations are generated among the various observables that share some common parameters There are a number of observables that depend only on b → sµ + µ − transitions. These can clearly be used to constrain NP in b → sµ + µ − . On the other hand, R K * and R K also involve b → se + e − transitions. These can be used to constrain NP in b → sµ + µ − only if one makes the additional assumption that there is no NP in b → se + e − . We therefore perform two types of fit. In fit (A), we include only CP-conserving b → sµ + µ − observables, while in fit (B) we add R K and R K * .
The CP-conserving b → sµ + µ − observables are
The differential branching ratio and the angular observables (see Ref. [73] for definitions) are measured in various q 2 bins. The experimental measurements are given in Tables VI and VII in the Appendix.
B
The experimental measurements of the differential branching ratios of these three decays are given respectively in Tables VIII, IX and X in the Appendix.
The differential branching ratio and the angular observables are measured in various q 2 bins. The experimental measurements are given in Tables XI and XII in the Appendix.
The experimental measurements of the differential branching ratio of this decay are given in Table XIII in the Appendix. [77, 78] .
BR(B
A comment about the angular observables in B 0 → K * 0 µ + µ − is in order. Both LHCb and ATLAS provide measurements of the CP -averaged angular observables S i as well as the "optimized" observables P i , whereas CMS has performed measurements only of the P i observables. In our fits, we have used the measurements of the P i . Note that, in Ref. [79] , it was shown that the best-fit regions and pulls do not change significantly if one uses the S i instead of P i as constraints. Also, we discard the measurements in q 2 bins above 6 GeV 2 and below the J/ψ resonance, as the theoretical calculations based on QCD factorization are not reliable in this region [80] . In addition, we discard measurements in bins above the ψ(2S) resonance that are less than 4 GeV 2 wide, as in this region the theoretical predictions are valid only for q 2 -integrated observables [81] . LHCb and and ATLAS provide measurements in different choices of q 2 bins. Here we have made sure to use the data without over-counting. As noted above, fit (A) includes only the above CP-conserving b → sµ + µ − observables. However, fit (B) includes R K * and R K . To perform fit (B), we followed the same strategy as in the recent global analysis of Ref. [18] , namely we simultaneously included both
K in the fit. Since these observables are expected to be correlated, one might worry about overcounting. However, we found very similar results when B(B 0 → K ( * )0 µ + µ − ) for the low-q 2 bins were removed from the fit. Fits (A) and (B) are used in both the model-independent and model-dependent analyses. However, a particular model may receive further constraints from its contributions to other observables, such as b → sνν, B 0 s -B 0 s mixing and neutrino trident production. These additional constraints will be taken into account in the model-dependent fits.
III. MODEL-INDEPENDENT ANALYSIS

III.1. Fit (A)
We begin by applying fit (A), which involves only the CP-conserving b → sµ + µ − observables, to the three scenarios. The results are shown in Table I . All scenarios can explain the data, with pulls of roughly 5. 
III.2. Fit (B)
We now examine how the three scenarios fare when confronted with the R K * and R K data. One way to take into account the constraints from R K * and R K is to incorporate them into the fit [fit (B)]. The results for the three scenarios are shown in Table II . In comparing fits (A) and (B), we note the following:
• The addition of R K * and R K to the fit has led to a substantial quantitative increase in the disagreement with the SM. In fit (A) the average pull is 4.9, while in (B) it is 5.8.
• The increase in the pull is 0.9, 1.3 and 0.4 for scenarios (I), (II) and (III), respectively. In fit (A), scenario (III) has the largest pull, while in (B) it is the smallest. Still, with a pull of 5.6, scenario (III) appears to be a viable candidate for explaining the b → sµ + µ − anomalies.
III.3. Predictions of RK * and RK
Another way to include considerations of R K * and R K is simply to take the preferred WCs from Table I The first thing one sees is that none of the three scenarios predict a value for R K * in the low-q 2 bin that is in agreement (within 1σ) with the experimental measurement [Eq. (1)]. In the SM, in this q 2 region, the decay b → s . It is difficult to find NP that can compete with the photon contribution and significantly change R K * from its SM prediction. On the other hand, the discrepancy between the measurement and the predictions is only at the level of approximately 1.5σ, which is not worrisome.
The predictions for the remaining measurements agree with the experimental values, with one glaring exception. Scenario (III) predicts R K = 1, as in the SM. This is in disagreement with the measurement [Eq. (2)].
As was shown in Sec. III.2, when R K * and R K are included in the fit [fit (B)], the overall result with scenario (III) is good (a pull of 5.6). This scenario can therefore be considered a possible explanation for the B-decay anomalies. (Indeed, this is the conclusion of Ref. [18] .) However, in our opinion, this is not sufficient. As we saw above, scenario (III) predicts a value for R K that is in striking disagreement with the measurement. Furthermore, R K is a clean observable, i.e., it has very little theoretical uncertainty, so theoretical error cannot be a reason for the disagreement. The only reason fit (B) gives a good fit is that the R K measurement is only one of many, so its effect is diminished. However, we feel that this is misleading: given its clear failure to explain the measured value of R K , scenario (III) should be considered as strongly disfavored, compared to scenarios (I) and (II).
R K * and R K have been measured in the region of q 2 ≤ 6 GeV 2 . It is likely that these observables will also be measured in the region 15 ≤ q 2 ≤ 22 GeV 2 . Below we present the predictions of the three scenarios for R K * and R K in this high-q 2 bin:
IV. MODEL-DEPENDENT ANALYSIS
The simplest NP models one can construct that explain the B anomalies involve the tree-level exchange of a new particle. This particle can be either a leptoquark or a Z boson. Below we examine the properties of such NP models required for them to account for the b → sµ + µ − decays.
IV.1. Leptoquarks
LQ models were studied in detail in Ref. [73] . It was found that, of the ten LQ models that couple to SM particles through dimension ≤ 4 operators, only three can explain the b → sµ + µ − data. They are: a scalar isotriplet with Y = 1/3, a vector isosinglet with Y = −2/3, and a vector isotriplet with Y = −2/3. These are denoted S 3 , U 1 and U 3 , respectively [82] . As far as the b → sµ + µ − processes are concerned, the models all have C µµ 9 (NP) = −C µµ 10 (NP), and so are equivalent. That is, all LQ models fall within scenario (II) of Eq. (4).
The S 3 , U 1 and U 3 LQ models all contribute differently to b → sν µνµ decays, so that, in principle, they can be distinguished. However, it was shown in Ref. [73] that the present constraints from B → K ( * ) νν are far weaker than those from b → sµ + µ − processes, so that the current b → sνν data cannot be used to distinguish the three LQ models. (This said, this conclusion can be evaded if the LQs couple to other leptons, see Ref. [71] for an example.)
The bottom line is that there is effectively only a single LQ model that can explain the B-decay anomalies, and it is of type scenario (II). In order to determine the value of the WC required to reproduce the b → sµ + µ − data, a fit to this data is required, including all other processes to which this type of NP contributes. In this case, the only additional process is b → sν µνµ , which does not furnish any additional constraints. The allowed value of the WC is therefore the same as that found in the model-independent fit, in Table I or II. This b → sµ + µ − WC is generated by the tree-level exchange of a LQ. Thus,
where g 
IV.2. Z bosons
In the previous subsection, we saw that LQ models are all of type scenario (II). This implies that scenarios (I) and (III) can only occur within Z models. Is this possible? The four-fermion b → sµ + µ − operators required within the four scenarios are as follows:
Scenarios (I) and (II) are clearly allowed. They require the Z to couple vectorially tos L b L andμµ orμ L µ L . It is quite natural for gauge bosons to couple vectorially, so it is easy to construct models which lead to scenario (I) or (II). On the other hand, scenario (III) requires that the Z couple axial-vectorially tosb. This is much less natural. It is possible to arrange this, but it requires a rather contrived model (e.g., see Ref. [18] ). Furthermore, we have already seen that scenario (III) is strongly disfavored by the R K measurement. In light of all this, we therefore exclude scenario (III) as a realistic explanation of the B-decay anomalies. The conclusion is that, when model-independent and model-dependent considerations are combined, only scenarios (I) and (II) are possible as explanations of the B-decay anomalies. Furthermore, while scenario (II) can be realized with a LQ or Z model, scenario (I) can only be due to Z exchange.
Since the Z couples to two left-handed quarks, it must transform as a singlet or triplet of SU (2) L . The triplet option has been considered in Refs. [35, [44] [45] [46] [47] [48] . (In this case, there is also a W that can contribute toB → D ( * )+ τ −ν τ
[84], another decay whose measurement exhibits a discrepancy with the SM [85-87].) Alternatively, if the Z is a singlet of SU (2) L , it must be the gauge boson associated with an extra U (1) . Numerous models of this type have been proposed, see Refs. . The vast majority of Z models that have been proposed assume a heavy Z , M Z = O(TeV). This option is examined in Sec. IV.2.1. However, we also note that the Z can be light. The cases of M Z = 10 GeV or 200 MeV are considered in Sec. IV.2.2.
IV.2.1. Heavy Z In order to determine the properties of Z models that explain the b → sµ + µ − data, one cannot simply perform fits (A) or (B) -important constraints from other observables must be taken into account. Since the Z model is of the type scenario (I) or (II), we can write
where
Here ψ qi is the quark doublet of the i th generation, and L = (ν µ , µ) T . We have
When the heavy Z is integrated out, we obtain the following effective Lagrangian containing 4-fermion operators:
The first 4-fermion operator is relevant for b → sµ + µ − transitions, the second operator contributes to B 0 s -B 0 s mixing, and the third operator contributes to neutrino trident production.
• B s mixing is given in Ref. [73] . We do not repeat it here. The one thing to keep in mind is that Ref. [73] considered a complex g bs L , while here it is taken to be real.
• Neutrino trident production: The production of µ + µ − pairs in neutrino-nucleus scattering, ν µ N → ν µ N µ + µ − (neutrino trident production), is a powerful probe of new-physics models [72] . The heavy Z contribution to this process is also given in Ref. [73] . However, there only scenario (II) (g µµ R = 0) is considered. Allowing for a nonzero g µµ R , one obtains the following: the theoretical prediction for the cross section is
This is to be compared with the experimental measurement [88]:
Using Eq. (10), this comparison provides an upper limit on (g 
•
We see that any analysis of Z models must include the constraints from B 0 s -B 0 s mixing and neutrino trident production. And this applies to scenario (I), which, though supposedly model-independent, is related to Z models.
The results of fits (A) and (B) are given in Tables III and IV , respectively. These illustrate quite clearly the connection between the model-independent and model-dependent approaches. From the model-independent point of view, in order to explain the experimental data, the NP WC must take a certain value (given in Tables I and II) . However, from the model-dependent point of view, this WC is proportional to the product g mixing constraint is less important. In this case, a good fit (i.e., a large pull) is possible. Indeed, for large enough g µµ L , one simply reproduces the model-independent result. For both fits (A) and (B), we find that this is the case for g µµ L ≥ 0.4. The conclusion is that, if the NP is a Z , the coupling g µµ L has to be reasonably big. Its effect may be observable in a future experiment on neutrino trident production. 
IV.2.2. Light Z
An interesting possibility to consider is a light Z . If the Z mass is between m B and 2m µ , then, if it is narrow, one can observe this state as a resonance in the dimuon invariant mass. Since no such state has been observed, we consider the mass ranges m Z > m B and m Z < 2m µ . A Z in the first mass range may have implications for dark matter phenomenology [67] , while a Z in the second mass range could explain the muon g − 2 measurement and have implications for nonstandard neutrino interactions [68] . For the first mass range we consider M Z = 10 GeV and refer to this as the GeV Z model, while in the second range we consider M Z = 200 MeV and call it the MeV Z model For the MeV Z model, we assume there is a flavor-changingsbZ vertex whose form is taken to be
The form factor F (q 2 ) is expanded for the momentum transfer q 2 m 2 B as
where m B is the B-meson mass. For the GeV Z model there is no form factor, and thesbZ vertex is taken to be fixed at a bs L for all q 2 .
4 After the R * K measurement was announced, a GeV Z model was considered in Ref. [26] and an MeV Z model in Ref. [27] .
In the MeV Z model, assuming the Z couples to neutrinos, the leading-order term a bs L is constrained by B → Kνν to be smaller than 10 −9 . To explain the b → sµ + µ − anomalies, we then require the Z to have a large coupling to muons, which is inconsistent with data [68] . We therefore neglect a The matrix elements for the various processes are then
where we have used Ref.
[89] for B For the GeV Z model this term can be neglected. However, for the MeV Z model this term is sizeable, and so for this case we only consider scenario I with a vectorial leptonic current. As usual, we assume the Z does not couple to electrons, so that B(B + → K + e + e − ) is described by the SM, while B( is not known, we fit g bs L only from the b → sµ + µ − data, while for the GeV Z model, where the form factor is unity, the mixing is used to obtain a constraint on a bs L .
• Neutrino trident production: The coupling g µµ is constrained by neutrino trident production. For the MeV Z model, Eq. 12 is no longer valid -instead we use the constraints from Ref. [72] . In this reference only scenario (I) (g µµ R = g µµ L ) is considered. There are other constraints that the MeV Z model must satisfy; these are discussed in Ref. [90] . All these constraints are consistent with the constraint obtained from neutrino trident production.
Interestingly, here the WCs are q 2 -dependent. Using these WCs, we perform a fit to the data. We scan the parameter space of g bs and g µµ for values that are consistent with all experimental measurements. For the MeV Z model, the form factor is not known in the high-q 2 region, and so one can fit only to the low-q 2 bins. However, we have checked that the fit does not change much if we use the above form factor for all q 2 bins. For both the MeV and GeV Z we find that, in fact, it is possible to explain the B-decay anomalies with pulls that are almost as good as in the case of a heavy Z .
For the MeV Z model, the best fit has a pull of 4.4, and is found for the product of couplings g
−3 from the neutrino trident constraint, one obtains g bs L ∼ 2.1 × 10 −5 , which is consistent with constraints from B → Kνν [68] . The results for the GeV Z model are shown in Table V for fit (A). The best fit has a pull of 4.2 (scenario (I)) or 4.5 (scenario (II)).
As noted in the discussion about Fig. 1 , the value of R K * in the low-q 2 bin (0.045 ≤ q 2 ≤ 1.1 GeV 2 ) is dominated by the SM photon contribution. Heavy NP cannot significantly affect this, and so cannot much improve the discrepancy between the measurement and the SM prediction of R K * in this bin. On the other hand, since the WCs are q 2 -dependent in light-Z models, in principal they could have a large effect on this value of R K * . Unfortunately, for M Z = 10 GeV and 200 MeV, we find that the prediction for R K * in the low-q 2 bin is little changed from that of the SM. However, this might not hold in a different version of a light Z model (for example, see Ref. [27] ).
V. CONCLUSIONS
Following the announcement of the measurement of R K * [1], a flurry of papers appeared [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] discussing how to explain the result and what it implies for new physics. Most papers adopted a model-independent approach, while a few focused on particular models. The main purpose of the present paper is to show that additional information about the NP is available if one combines the model-independent and model-dependent analyses.
To be specific, the general preference was for NP in b → sµ data. We note that this scenario predicts R K = 1, in disagreement with the experiment. In addition, this scenario can only arise in rather contrived models. For these reasons, we exclude scenario (III) as an explanation of the B-decay anomalies. 
